Cassava (Manihot esculenta subsp. esculenta) is a staple crop with great economic importance worldwide, yet its evolutionary and geographical origins have remained unresolved and controversial. We have investigated this crop's domestication in a phylogeographic study based on the single-copy nuclear gene glyceraldehyde 3-phosphate dehydrogenase (G3pdh). The G3pdh locus provides high levels of noncoding sequence variation in cassava and its wild relatives, with 28 haplotypes identified among 212 individuals (424 alleles) examined. These data represent one of the first uses of a single-copy nuclear gene in a plant phylogeographic study and yield several important insights into cassava's evolutionary origin: (i) cassava was likely domesticated from wild M. esculenta populations along the southern border of the Amazon basin; (ii) the crop does not seem to be derived from several progenitor species, as previously proposed; and (iii) cassava does not share haplotypes with Manihot pruinosa, a closely related, potentially hybridizing species. These findings provide the clearest picture to date on cassava's origin. When considered in a genealogical context, relationships among the G3pdh haplotypes are incongruent with taxonomic boundaries, both within M. esculenta and at the interspecific level; this incongruence is probably a result of lineage sorting among these recently diverged taxa. Although phylogeographic studies in animals have provided many new evolutionary insights, application of phylogeography in plants has been hampered by difficulty in obtaining phylogenetically informative intraspecific variation. This study demonstrates that single-copy nuclear genes can provide a useful source of informative variation in plants.
Understanding the process of population divergence is fundamental to the study of evolutionary diversification. This process is inherently phylogenetic, such that the present population structure of a species reflects not only current patterns of genetic exchange but also the history of gene flow and isolation among population lineages. In the past decade, workers have begun to employ phylogenetically informative data (most often allele genealogies derived from DNA sequences) for investigating population divergence (1) (2) (3) . This approach was first described by Avise et al. (1) , who termed it phylogeography, and it has since been hailed widely as the conceptual bridge linking population-level processes to macroevolutionary phylogenetic relationships (2) (3) (4) .
Despite a recent explosion in phylogeography studies involving animal species (3), analogous studies in plants remain scarce, primarily because of difficulties in detecting phylogenetically informative intraspecific genetic variation (5) . Most attempts to detect such variation in plants have relied on the chloroplast genome, with success varying widely among taxa (e.g., refs. 5-7). The plant mitochondrial genome, with few exceptions (e.g., ref. 8) , has not yielded useful amounts population-level variation. An alternative source of variation, the noncoding regions of ''singlecopy'' (low copy number) nuclear genes, has not been extensively explored in plants (5, (9) (10) (11) , although this genome can potentially provide multiple, unlinked allele genealogies at the intraspecific level (12) (13) (14) .
This study reports on the use of a single-copy nuclear gene to examine the phylogeography of a plant species, Manihot esculenta Crantz (Euphorbiaceae), which includes the important tropical subsistence crop cassava and its wild relatives. A portion of the gene encoding glyceraldehyde 3-phosphate dehydrogenase (G3pdh) provides high levels of sequence variation in Manihot. The G3pdh data are used here to investigate the evolutionary origins of cassava, specifically the crop's geographical origin within the range of its wild relatives, and the potential role that interspecific hybridization may have played in the crop's domestication.
Study System. Cassava (M. esculenta subsp. esculenta) is a staple root crop for over 500 million people living throughout the tropics (15) . It is the primary source of carbohydrates in subSaharan Africa (16) and ranks sixth among crops in global production (17) . Despite its immense importance in the developing world, cassava has historically received less attention by researchers than have temperate crops, earning it the status of an ''orphan crop.'' One of the most fundamental questions about cassava that remains unresolved concerns its evolutionary origin. The genus Manihot (comprising 98 species; ref. 18 ) is distributed across much of the Neotropics, and the identity of cassava's closest wild relatives within the genus has been a source of widespread speculation (18) (19) (20) (21) . Most traditional domestication hypotheses have envisioned the crop to be a ''compilospecies'' derived from one or more species complexes, either in Mexico and Central America (18, 22) or throughout the Neotropics (21, 23, 24) . More recently, wild populations of M. esculenta that are likely to be the crop's direct progenitors have been identified in South America (19, 25) . However, the evolutionary relationship between cassava and its conspecific wild relatives is only beginning to be examined (19, 26, 27) , and there is continued speculation that the crop's origins may extend beyond M. esculenta to hybridizing Manihot species (26, 27) .
Wild populations of M. esculenta occur primarily in west central Brazil and eastern Peru (19, 28) . All wild populations of this species are referred to here as M. esculenta subsp. flabellifolia (Pohl) Ciferri (see also ref. 27 ). This wild subspecies is found in forest patches in the transition zone between the cerrado (savanna scrub) vegetation of the Brazilian shield plateau and the lowland rainforest of the Amazon basin, where it grows as a clambering understory shrub or treelet. In Brazil, populations occur along the southern and eastern borders of the Amazon basin, in the states of Tocantins, Goiás, Mato Grosso, Rondônia, and Acre. Although cassava is interfertile with subspecies flabellifolia (27) and is cultivated within its range, the population structure of the wild subspecies is not thought to reflect introgression from the crop after domestication. 
MATERIALS AND METHODS
Populations of wild taxa were sampled in November-December of 1996 and 1997. Two transects spanning the range of subspecies flabellifolia were made, one along the eastern border of the Amazon basin and one along the southern border (Fig. 1) . These transects include an area of sympatry with M. pruinosa. Undisturbed populations of these species usually consist of fewer than 15 individuals, and up to 10 per location were sampled. Young leaf tissue from each sampled plant was dried in silica gel for subsequent DNA extraction. A total of 157 individuals of subspecies flabellifolia, representing 27 populations, and 35 individuals of M. pruinosa, representing 6 populations, were used in analyses. Voucher herbarium specimens from each population are housed at the Missouri Botanical Garden and at the Centro Nacional de Pesquisa de Recursos Genéticos e Biotecnologia in Brasília, Brazil. To represent the diversity of cassava, 20 cultivars were sampled from the cassava ''world core collection'' maintained by the Centro Internacional de Agricultura Tropical in Cali, Colombia.
DNA was extracted from dried leaves by using a cetyltrimethylammonium bromide protocol (29) . PCR amplification of the G3pdh region was performed with primers designed by Strand et al. (ref. 9 ; GPDX7F and GPDX9R, forward and reverse, respectively). These primers were designed from conserved regions identified in published G3pdh sequences of Arabidopsis thaliana and Ranunculus acris (A. Strand, personal communication). There were three 50-l reactions carried out per individual, and each reaction contained 10 mM Tris⅐HCl (pH 9.0), 50 mM KCl, 2.5 mM MgCl 2 , 0.1% Triton X-100, 2 units Taq Polymerase (Promega), 200 M each dNTP, 0.2 M each primer, and Ϸ10-20 ng genomic DNA. Cycling conditions were 95°C (2 min); then 30 cycles of 95°C (1 min), 60°C (1 min), 72°C (2 min); and finally 72°C (5 min). The three PCRs were pooled and purified by using a Geneclean II DNA purification kit (Bio 101).
DNA sequencing was performed by using fmol (Promega) direct cycle sequencing with a [ 35 S]␣-dATP label, followed by electrophoresis on a 6% Long Ranger acrylamide gel (FMC), blotting and drying onto paper, and exposure to x-ray film. For most individuals, the two haplotypes (alleles) of the locus were sequenced together; in some cases the alleles were separated by size before purification and sequencing (see below). In addition to the external primers, two internal reverse primers were used in sequencing: GPD9R2, CTT GAT TTC CTC ATA TGT TGC C (reverse complement of bases 610-631), and GPD9R4, TCC CTT AAG CTT ACC CTC AG (reverse complement of bases 752-771; Fig. 2 ). DNA sequences were aligned by eye with the MACCLADE program (30) . Sequence variation was tested for deviations from neutrality by using Tajima's (31) D statistic (treating all individuals in the study system as a single population), and by and Fu and Li's (32) D* and F* statistics for an unrooted tree.
Species of Manihot show disomic inheritance (33) , such that individuals can be either homozygous or heterozygous at the G3pdh locus. For heterozygotes, the sequence of both haplotypes is shown on a single sequencing gel, resulting in double bands at sites that differ between the haplotypes. Scoring of most heterozygotes was accomplished by reading doublebanded variable sites directly from the autoradiogram. The identity of the two haplotypes within the heterozygote was then inferred by using ''haplotype subtraction'' (34), whereby the heterozygote sequence is compared with pairs of homozygotes until the observed combination of double-banded sites can be accounted for. Alternatively, if the two haplotypes differed in length by 20 bp or more, they were separated on a 1.5% agarose gel and sequenced individually. 
Evolution: Olsen and Schaal
Proc. Natl. Acad. Sci. USA 96 (1999) Haplotypes were ordered into a maximum parsimony gene tree, which could be constructed by hand because of the low level of homoplasy in the data (see below). The topology of this gene tree was confirmed by performing a ''branch and bound'' search on the data set with PAUP 3.1 (35) .
RESULTS AND DISCUSSION
Structure and Variation of the G3pdhRegion. The structure of the G3pdh region in Manihot is shown in Fig. 2 . This region spans 4 introns and 3 exons, plus parts of two flanking exons, and has a maximum length of 962 bp. All four of the introns begin with bases GT and end with AG, a motif typical of nuclear introns (36) . Exon portions encode 137 amino acids, as is true for the two other dicot species from which end primers were designed (see above). The Manihot amino acid sequence differs by less than 5.5% from these other species, which, by comparison, differ from each other by 5.8%.
The G3pdh region contains a total of 64 polymorphic sites within the study system ( Fig. 3; Table 1 ). Only one polymorphism encodes an amino acid substitution (base 621, glutamate͞ glycine). Of the variable sites within introns, seven are indels, one of which is a minisatellite region with up to five repeats of a 25-bp motif (Table 1 ). This minisatellite variation was not used in defining haplotypes, as the repeat number was homoplasious relative to the rest of the sequence variation (Fig. 3) . Overall, (1999) variation in the G3pdh region conforms to expectations of neutrality, both by Tajima's criterion (D ϭ 0.0899, P Ͼ 0.5 for ␤-distribution approximation) and by Fu and Li's criteria (D* ϭ Ϫ1.712, P Ͼ 0.1; F* ϭ Ϫ1.950, P Ͼ 0.1). These data represent one of the largest samples published to date for a plant phylogeography study. Variation at polymorphic sites (minisatellite excluded) could be ordered into a maximum parsimony gene tree, with 28 haplotypes defined among the 212 individuals (424 alleles) in the study ( Fig. 3; Table 2 ). Three polymorphic sites were homoplasious, meaning that the same mutational step had to be mapped onto the tree more than once (Fig. 3) ; all of these sites involve single-base substitutions. For one of the homoplasious sites (base 677), there are two equally parsimonious arrangements for the two mutational steps (relative to the branches leading to haplotypes J and W); this ambiguity affects the relative positions of haplotypes on the tree only minimally. The low level of homoplasy observed for this data set indicates that interallelic recombination has not occurred in the G3pdh region.
Cassava's Geographical Origin. Of the 28 haplotypes observed in the study system, 24 were detected in M. esculenta. Of these 24, 6 occur in cultivated cassava, 1 exclusively so (Table 2 ). When Table 2 . Distribution of G3pdh haplotypes in the study system Population (n) Haplotypes 
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Miranorte, TO (6) considered in a geographical context, the haplotypes shared between cassava and the wild M. esculenta subspecies occur along the southern border of the Amazon basin (the states of Mato Grosso, Rondônia, and Acre) but not in the eastern border region (Goiás and Tocantins; Fig. 1 ; Table 2 ). This distribution strongly points to the southern Amazon border region as the crop's geographical origin of domestication. Within this region, all of the shared haplotypes can be accounted for in a limited area of six sampled populations, between western Mato Grosso and western Rondônia ( Fig. 1; Table 2 ). Thus, the crop potentially could be derived from a relatively restricted area in the southern Amazon border region. Alternatively, the origin of domestication may extend further west and include Peruvian populations of subspecies flabellifolia, at the westernmost limit of the species range. The G3pdh data provide the most conclusive and most specific evidence to date on the geographical origin of cassava. Previous hypotheses on the crop's origins have been largely speculative and have included such disparate regions as the arid scrub (caatinga) of northeastern Brazil (37, 38) , the savannas of Colombia and Venezuela (39) , the prehistoric savannas of western Peru (24) , and the lowlands of Mexico and Central America (22, 23) . This earlier conjecture was confounded by two factors: uncertainty about the position of M. esculenta within Manihot and equivocal anthropological data on early cassava cultivation. Until subspecies flabellifolia came to be recognized as cassava's closest wild relative (19, 25) , no single wild Manihot species could be identified as the crop's obvious progenitor. The numerous candidate species proposed (18, 20) together encompass a vast geographical range in Mexico, Central America, and South America. Many of these species have since been shown to be related to cassava only distantly (refs. 26, 27 , and 40; B.A.S., unpublished data). Anthropological data, often useful in tracing a crop's origins, proved similarly inconclusive in pinpointing a region of domestication. Cassava was already widely grown throughout the Neotropics by 3,000 years ago, making its earliest cultivation very difficult to trace (20, 21, 41) . Moreover, as a crop of humid lowlands, cassava is preserved particularly poorly in the archaeobotanical record (21) , and most recovered remains are from arid sites that do not reflect its earliest use (41) .
Haplotype Distributions in Cassava and Wild Taxa. Within M. esculenta. One-fourth of the haplotypes observed in M. esculenta overall occur in cassava, indicating that genetic variation within the crop is a subset of that found in the wild subspecies (Table 2) . This observation concurs with a recent amplified fragment length polymorphism-based study (27) , which found that a collection of 38 cassava cultivars contain about 30% of the genetic variation detected in a sample of 14 wild M. esculenta accessions. This pattern of reduced genetic diversity with domestication seems to be the rule for crop-relative systems (42) (43) (44) (45) and presumably reflects artificial selection and founder-event-induced genetic drift over the course of domestication (10, 42, 46) . This pattern also confirms the progenitor-derivative relationship between subspecies flabellifolia and cassava.
Cassava differs markedly from subspecies flabellifolia with respect to haplotype frequencies and levels of heterozygosity. Among the 20 cassava accessions, 2 haplotypes (A and P) represent 85% of the haplotype variation (i.e., 34 of 40 haplotypes; Table 2 ), whereas these 2 haplotypes account for only 9% of the haplotypes detected in the wild M. esculenta subspecies. In terms of heterozygosity, 13 of the 20 cassava cultivars (65%) are heterozygotes (Table 2) , in contrast to 58 of the 157 wild M. esculenta individuals (37%). The significance of these differences between the crop and its relatives is difficult to assess, as they reflect a number of interacting evolutionary factors (42) . For the wild taxa of the study system, data on haplotype frequencies and heterozygosity have yet to be analyzed by phylogeographic analysis (47) , which would focus on relationships among the natural populations.
Interspecific level. At the interspecific level, 4 of the 28 G3pdh haplotypes occur exclusively in M. pruinosa; however, an additional 3 haplotypes (E, J, and M) are shared between this species and M. esculenta ( Fig. 3; Table 2 ). All three of the transspecific haplotypes are found primarily within one species and are observed in a single individual or single population of the other (Table 2 ). These shared haplotypes may reflect interspecific introgression or, alternatively, may be ancestral polymorphisms that predate the divergence of the two species (see below). Interspecific introgression is expected only where the two species are sympatric. Thus, two of the shared haplotypes could potentially be explained by introgression (E and J; near Iporá, GO), whereas the third cannot (M; Jarú, RO; Fig. 1 ; Table 2 ). Significantly, none of the transspecific haplotypes occur in cassava, suggesting that if there has been interspecific introgression, M. pruinosa has not contributed directly to the crop germplasm. This conclusion is supported further by the observation that all cassava haplotypes occur west of the range of M. pruinosa (Fig. 1) , indicating little contact between M. pruinosa and cassava's closest wild progenitors.
Genealogical Relationships Among Haplotypes. The G3pdh tree (Fig. 3) indicates no clear association between the genealogical relationships of haplotypes and the taxonomic categories in which they are found. Cassava haplotypes do not cluster into a monophyletic clade within the other M. esculenta haplotypes but rather are scattered across the gene tree. Haplotypes of the two different species are similarly intermingled. This visual assessment is confirmed by an analysis of molecular variance (48) , which indicates that 83% of the genetic variation among haplotypes occurs within taxa (data not shown). As with the presence of transspecific haplotypes, this lack of congruence between the gene tree and taxonomic categories could arise potentially either by gene flow among the taxa (following the divergence of the separate lineages) or by the persistence and sorting of ancestral polymorphisms that predate the divergence of the taxonomic lineages (lineage sorting).
For the two subspecies within M. esculenta, haplotype distributions almost certainly reflect lineage sorting. Cassava was domesticated no more than 10,000 years ago (the origin of human agriculture), which makes the divergence of the crop lineage a very recent evolutionary event. As such, haplotypes observed in cassava most likely predate the crop's origin, and the presence of these haplotypes in subspecies flabellifolia therefore reflects their persistence in both lineages after domestication. The haplotype observed only in cassava () may be an exception, possibly having arisen since domestication. This haplotype is positioned as a tip on the gene tree and occurs at a very low frequency (Fig. 3, Table  2 ), characteristics consistent with a recent evolutionary origin (49, 50) . Alternatively, this haplotype may be as old as the other cassava haplotypes and may have either gone extinct in the wild subspecies or simply been missed during population sampling.
Lineage sorting probably has also played an important role in the distribution of haplotypes at the interspecific level. The genus Manihot is believed to have arisen and diversified recently (18) , an argument supported by a lack of variability in chromosome number, by low levels of divergence in floral morphology (18) and DNA sequence data (40) , and by interfertility between morphologically divergent species in artificial crosses (26, 27) . Thus, M. esculenta and M. pruinosa are likely to share very recent common ancestry, indicating a high probability of lineage sorting (51, 52) . In addition, the probability of encountering ancestral polymorphisms is greater with the G3pdh locus than it would be for chloroplast or mitochondrial genes, all else being equal; the diploid nature of the nuclear genome doubles its effective population size for a monoecious species, thereby doubling the expected time to coalescence (53) . Thus, the G3pdh haplotypes may reflect ancestral polymorphisms on a time scale where haplotypes from the other genomes would not. Finally, if interspecific introgression were to have played a major role in structuring the taxonomic distribution (shown in Fig. 3) , one would expect some additional evidence for hybridization in the study system. Instead, there is very little evidence that the species 5590
Evolution: Olsen and Schaal Proc. Natl. Acad. Sci. USA 96 (1999) hybridize. M. pruinosa has been included in cassava's secondary gene pool (28) on the basis of morphological similarity, rather than on documented evidence of interfertility, and no putative hybrids were identified during field collections for the present study. Nonetheless, we do not reject the possibility of hybridization between these species.
CONCLUSIONS
This study demonstrates the use of a single-copy nuclear gene to examine the phylogeography of a plant species, in this case a crop-relative system consisting of cassava and its wild progenitors. The level of phylogenetically informative variation in the G3pdh region far exceeds levels typically observed at the intraspecific level in the organellar genomes of plants; moreover, the G3pdh data are nearly free of homoplasy. These findings suggest that single-copy nuclear genes may provide a rich source of intraspecific variation for plant phylogeography studies, possibly analogous to the rapidly evolving regions of animal mtDNA. Although much of the G3pdh variation likely predates the divergences of the taxa within the study system, these haplotypes have become structured geographically among the wild populations ( Fig. 1 ; Table 2 ) and therefore provide insight into cassava's origin of domestication. The crop seems to be derived from populations of subspecies flabellifolia along the southern border of the Amazon basin. Moreover, the pattern and degree of variation in the crop versus the wild M. esculenta and M. pruinosa populations indicate that subspecies flabellifolia alone can account for the genetic variation observed in cassava. There is no need to infer the involvement of other progenitor species in the crop's origin, at least given present sampling and data. Overall, the picture of cassava's origin provided by the G3pdh data represents a fundamental departure from the traditional view, which was accepted until very recently (e.g., refs. 21 and 54), that envisioned this crop as a compilospecies derived from one or more complexes of interbreeding wild species, from one or more regions in the Neotropics. This insight into the crop's origin will be useful for targeting wild germplasm for crop improvement (45, 55) and for understanding the genetic consequences of domestication in this species (10, 44) . Ultimately, the findings of this study will be best understood once they can be placed in the broader context of a well resolved Manihot species phylogeny.
